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Introduction
When Brownian particles are subject to driving forces showing time correlations, net currents can be obtained from zero-average forces in ratchet systems [1] [2] [3] [4] [5] . Ratchet-based procedures are useful in gel electrophoresis [6] and electronic switching in logic circuits [7] .
The ion channels of biological membranes and the nanofluidic pores constitute soft matter versions of solid state diodes that are able to drive an electric current under zero-average time dependent potentials [8] [9] [10] [11] [12] . The nanopores exhibiting rectification characteristics [13] [14] [15] are useful for separation, information processing, and energy harvesting applications [8, [16] [17] [18] .
Conical nanopores track-etched in polymer films can be patterned with asymmetric regions of positive and negative charges that are tuned electrochemically, allowing the nanofluidic diodes to act as liquid-state transistors [13-15, 17, 19-21] . While a clear understanding of the pore response to external stimuli (voltage, temperature, pH and UV light) has already been achieved [14, [20] [21] [22] [23] [24] [25] [26] , practical applications are still emerging. We demonstrate here that a pH-controlled net current can be obtained with a single asymmetric nanopore functionalized with amphoteric lysine groups in the case of zero-average timedependent potentials, suggesting some practical applications of the concept.
Experimental section
Single conical nanopores with openings ranging from a few (tip) to hundreds (base) of nanometers were fabricated in polyethylene terephthalate membranes by track-etching techniques [23] . The pore incorporated the amino acid L-lysine as an amphoteric chain with two ionizable residues, one carboxylic group and one amino group.
Results and discussion
Fig . 1A shows the pore geometry [23] , the time-dependent potential V(t), and the current I. We use the conical model instead of the more elaborated funnel-like model [19] for the sake of simplicity. Fig. 1B shows I(t) and V(t) at pH = 11 (negatively charged pore) and pH = 2 (positively charged pore). The rectification can be influenced by the potential scan rate [27, 28] , achieving a maximum value at low rates [27, 28] . While the (nanoscale) radial diffusion is relatively fast, diffusion over the (microscale) axial distances takes times higher (the amino group -NH /s is the ionic diffusion coefficient. We will not be concerned with the different pore response regimes [27, 28] because we consider only scan rates low enough for the pore to be slave of the input signal (the frequency of the input signal should then be much lower than 10 Hz, which is the case of Fig. 1B ). for the case of ion channels). Therefore, <I> can be estimated from the experimental currents of Fig. 1C invoking the adiabatic limit [3] [4] [5] :
is negatively charged). The rectification properties are reversed around the lysine isoelectric point pI = 5.6 (zero net charge) [23] .
where γ = 1/2 for the V i (t) of Fig. 1D . All the average currents <I> of Figs. 1-3 have been calculated using Eqs. (1)- (3). of its direct experimental access (note also that this parameter of the driving force is used in most theoretical models). The results can be compared with those reported by Siwy et. al for ion pumping in negative pores [11, 12, 29] . While the input driving forces have zero-average values over a time period (Fig. 1D) , the average outputs <I> are non-zero because of the nanopore rectification (Fig. 1C ). Nernst-Planck flux equations [13, 30, 31] ( )
and the Poisson equation
where k J  , c k , and z k are the flux, local concentration, and charge number of ion k, respectively; ε is the electric permittivity of the solution and constants F, R, and T have their usual meaning [23] , φ is the electric potential (normalized to RT/F), and X F is the volume concentration of the pore fixed charge [13] . Note that X F should be obtained by solving the and -COOH groups [23, 32] . The electric potential and concentrations at x = 0 and x = L (Fig. 1A) are calculated in terms of those in the external solutions using the Donnan equilibrium at the respective pore-solution interfaces (the access resistances can be neglected because the pore is long and narrow) [13, 23] . The resulting equation system is integrated using iterative schemes to obtain the ionic fluxes, and then the electric current I, at voltage V. This procedure gives theoretical I-V curves similar to the experimental curves shown in Fig. 1C [23] . The contribution of the hydrogen ion to these curves is ignored because the KCl concentration is 0.1 M while pH > 2 for most of the cases. Incidentally, the electrostatic gating (gate potential V G (t)) of a pore could also be implemented [20, 22, 33] instead of the chemical gating (pH) used here, thus removing the need of external pH control. Also, the effects of signal mixing (potentials V i (t) and V G (t)) on <I> may be exploited to implement a logic operations scheme [22, 34] .
Conclusions
We have studied experimentally and theoretically the rectifying properties of a single asymmetric nanopore functionalized with amphoteric groups (L-lysine chains) and the pHcontrolled net current obtained with zero-average potentials. The results are reminiscent of those found in ratchet systems [9] and constitute a significant extension with respect to previous studies by Siwy et al. [11, 12, 29] . The observed effects could be enhanced further by exploiting pH gradients [35] . Rectification and signal averaging of weak electric fields (in particular, the problem of dc currents generated by external ac signals [36, 37] ) are important for biological cells and then this study may also have some bio-electrochemical relevance.
Potential applications concern pH sensing and regulation in chemical processors [17, 21, 38] and pulsatile ionic transport triggered by particular pH conditions deviating from the prescribed acidic or basic target regions [39] . Other areas of interest are electrochemical charge storage [7, 16, 18] and logic switching [7, 17] in liquid state ionics because a multipore asymmetric membrane could work as a voltage-controlled current source when connected to an external load capacitor, allowing thus the conversion between the net current caused by the periodic potential and the output voltage. 
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